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ABSTRACT 

Deformation experiments performed iii-situ i n  the transmission electron microscope have led to an 

increased understanding of dislocation dynamics. To illustrate the capability of this technique two 

examples will be presented. I n  the first cxample, thc processes of work hardening in  Mo at room 

temperature will be presented. These studies have improved our understanding of dislocation 

mobility, dislocation generation, and dislocation-obstacle interactions. In the second example, the 

interaction of matrix dislocations with grain boundaries will be described. From such studies 

predictive criteria for slip transfer through grain boundaries have been developed. 

INTRODUCTION 

By performing dynamic experiments i /~- . s i~z i  in  a transmission electron microscope, it is possible to 

directly observe changes in microstructure caused by extcrnal stiniuii. ln-sifzr straining of materials 

is a particularly useful and illustrative example, as it provides the nicans to observe dislocation 

interactions and inicrostructure cvolution dynamically. I t  is, howcver, important to be cognizant of 

the sample thickness, and of the intlucncc the nearby surfacc can have on dislocation behavior. 



I’rovidcd the observations [ire analy/,cd catitiowly ;Ind comparisons arc made with other 

t cch n i q ucs, iu -.si/u dc format i o 11 ca n pi-( )vi dc use f‘ti 1 i n s i g h t to di sloca t i on behav i or. Such 

ob sc rva t i o 11 s ;I I-c part i c 11 1 a 1-1 y i ni port a 11 t to c i i  rre n t c f 1’0 r t s i 11 ni u I t i  sca 1 e ni ode 1 i ng of de fo rni at ion o f 

inateriais, ;IS they provide a iiic;ins for testing the code output. The irz-situ TEM deformation 

csperinients also undcrscoi-c thc complex issues thar m u s t  be addressed by a succcssfiil simulation. 

I n  this papcr. \\c presuiit 1\10 cuaniplcs o f  cspcrinicntal rcsults that would not have been possible 

without the ill-situ TEM deformation technique. I n  the first, we discuss dislocation generation and 

work hardening in high-purity, single-crystal Mo, and in  the second, slip transfer across grain 

boundaries . 

EXPERIMENTAL PROCEDURE 

The TEM straining samples typically have dimensions of 3 mm x 10 mm and are between 100 and 

200 pm thick. The central portion of the rectangular specimen is thinned to electron transparency 

by conventional methods. In-situ straining was performed using a single-tilt straining stage and 

dynamic events were recorded through a TV-rate camera onto videotape. The single-tilt straining 

stage is designed so that one end of the sample remains fixed, while the other end is displaced. 

RESULTS 
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r 7  I tic Mo samples used i n  this investigation wcrc zone-refined single crystals, U H V  annealed at 850" 

c' for 2411. Saniplcs from one crystal contained a high dislocation dcnsity I 11, Thc dislocations 

were citlicr isolated or arranged i n  tanglcs that were composed of iiitersccting a/2< I 1 I pcrfcct 

dislocations, with short a< 1 OO> junction dislocations forming at tlie intersections. Thcsc dislocatioti 

tangles were important as they acted as dislocation so~irccs and as obstacles to mobilc dislocations. 

I n  tlic initial stages of deformation, edge dislocation segments propagated li-om tlic tanglcs ~111d 

trailed behind them long, straight scrcw dislocations, which are ininiobilc at room tcnipcl-atui-c ;uid 

at low stress [2]; see Figure 1 for an example. At higher stresses, the screw dislocations become 

niobilc and initially moved smoothly on one slip plane. As the density of mobile dislocations 

increased and more interactions occurred, the dislocations cross-slipped to negotiate thc obstacles. 

An cxaniple of cross-slip is shown in Figure 2 in which comparison images formed by 

superimposing a negative image (white dislocations) of a later frame on a positive image of an 

earlier frame are shown. The change in dislocation position as a function of time is apparent and 

corresponds to screw dislocations cross-slipping between { 1 lo} and { 112) planes. 

The series of video images presented in Figure 3 show two methods used by screw dislocations to 

overcome an obstacle; in these images the obstacles are not visible. Cusps arc observed on the 

dislocations where they interact with a strong obstacle. The unpinned segments on dislocation 1 

continue to slip past the obstacle and eventually the dipole is pinched off, allowing the scrcw 

dislocation to continue its motion. Dislocation 2 negotiates its obstacle differently, requiring cross- 

slip of a segment of the dislocation at the obstacle. As the line segment on the left of the cusp in  2 

continues to slip, its edge component expands to produce the loop scen at t = 7 s. The scgnicnts 

pinch off and the screw dislocation again moves as a completc unit. I t  has also bcen observed 111 
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that if tlie Icngth of the cross-slippcd segment increases, the cdgc segments o f  the loop can act 

indcpendcntly, moving away from tlic pinning point and trailing two scrcw dislocations behind 

them; i.c., ;I non-regcnet-ativc dislocation sourcc operates. A similai- sourcc mcchanism has been 

obscrvcd to  opcratc in NiAl 131. 

Dislocations also multiply hy tlic action o f  pole sources (Figure 4) [ I ] .  -Ihc scrcw dislocation is 

pinncd at point T. A highly mobile cdgc scgiiicnt i s  nucleated on thc dislocation line, which mows 

away rapidly generating two screw dislocations, one of which remains pinned, while tlie other 

moves slowly away from the source. The source is thus reset, and tlic pinncd screw dislocation 

nucleates an edge segment moving in tlic opposite direction. The conditions to generate this type 

t is worth mentioning that the tangle shown in Figure 1 of pole source arc not yet known, although 

also became a pole source at higher strains. 

In samples with a low initial density of isolated dislocations (< 1 x 10' cni-2), dislocation tangles 

form as mobile dislocations interact. As other dislocations impinge on the tangles they become 

pinned and bow out between the pinning points. The bowed segments contain edge dislocations 

that move rapidly away from the tanglc, creating a mobile screw dislocation and lcaving a 

dislocation in the tangle. Figure 5 shows an example of this increase in complexity with time. 

Although sonic dislocation tangles break up, in general the density and complexity of tangles 

increases with increasing strain. 

These cxamples of dislocation generation, cross-slip, and dislocation interactions with obstacles 

and other dislocations illustrate thc complexity of the problem facing the modeling community, if 
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thc simulations arc cvcntually to be uscd to predict dislocation behavior and ultimately the stress- 

strain relationship of’ a inaterial. The situation becomes more complicated if the deformation 

beha\rior in polycrystallinc matcrials is to bc simulatcd, as tlic interaction of dislocations with grain 

boundarics will nccd to tic considered. 

I n  general, grain boundaries act as barriers to dis,xations, although under special circumstances 

(e.g., the line of intersection of the incoming and outgoing slip planes in the grain boundary plane 

are colinear and the line direction of the impinging screw dislocations is parallel to this line) the 

dislocations can pass unimpeded through the grain boundary. In most cases, the interaction with 

the grain boundary is more complex. Dislocations impinging on a grain boundary can enter the 

grain boundary where they can either retain their lattice Burgers vector [4], or dissociate to form 

perfect or partial grain boundary dislocations [ 5 ]  or DSC dislocations [6]. The incorporated 

dislocations may be glissile or sessile in the grain boundary plane. The grain boundary can also 

eject dislocations into the neighboring grain (slip transfer) [7-113, although the site of the emitted 

dislocations need not be coincident with the entry point. Alternatively, a crack can nucleate and 

propagate along the grain boundary, leading to intergranular fracture [ 12- 141. The response of the 

grain boundary depends intimately on the orientation and cheniistry of the grain boundary, and it 

can be altered by changing the boundary chemistry [ 15-1 71. In Figure 6, we show one example 

[ I O ]  of slip transfer through a C = 3 grain boundary in 3 I O  stainless steel in which two slip systems, 

A and B, impinged on the grain boundary. Dislocations were observed to emerge into the adjoining 
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grain from different locations along the grain boundary; the primary cmerging system is labeled D 

and the secondary system C. 

To understand what controls the slip system activated by the grain boundary to allow slip transfer, 

three conditions were considered [lo-111: (a) the angle between the lines of intersection between 

the grain boundary and each slip system must be a minimum; (b) the magnitude of the Burgers 

vector of the dislocation left in the grain boundary must be a minimum; and (c) the resolved shear 

stress on the outgoing slip system must be a maximum. The result of applying these conditions to 

the situation shown in Figure 6 is given in Table 1. Slip system D is predicted if all three 

conditions are considered. The dislocations left in the grain boundary as a result of this emission 

process can slip in the grain boundary but their motion is impeded by the step in the grain boundary 

(marked by an arrow). Dislocations labeled C arise from the grain boundary emitting dislocations 

in response to the stress developed by the blocking of these grain boundary dislocations by the 

grain boundary step. These criteria have been applied to a number of grain boundary reactions in 

different materials and they have shown that, in general, a competition exists between criteria (b) 

and (c), and that it is these criteria that determine the outgoing slip system [ 1 I]. 

DISCUSSION 

The experiments described above illustrate some observations made using the in-situ TEM 

deformation technique. The observations in Mo provide a clear picture of the processes of 

dislocation multiplication and work hardening in single-crystal Mo, and, by analogy, to many BCC 

materials in which cross-slip is possible and where there is a large differential between edge and 
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screw mobility. These observations further indicate that understanding the physics of dislocation 

tangle structures is of primary importance in understanding the mechanical behavior of these 

materials. The slip transfer experiments made possible a model which not only accurately prcdicts 

the outgoing slip system, but which is independent of crystal structure, and is therefore likely 

applicable to many different materials. 

CONCLUSIONS 

The in-situ TEM deformation technique generates insights into the mechanical properties of 

materials, providing detailed information of dislocation dynamics, dislocation generation, and 

dislocation interactions with obstacles, other dislocations, and grain boundaries. 
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Figure captions: 

1. Propagation of edge dislocations in Mo away from a tanglc at low stress. As the edgc 

dislocations move, they trail long screw segments bchind them. 

2. Cross-slip of screw dislocations in Mo. The positive (black) image represents the initial position 

and the superimposed negative (white) image represents the final position in each picture. The 

angle of the shift in direction is consistent with cross-slip between (1 10) and (1 12) type planes. 

3. Dislocation interactions with obstacles. 

4. Operation of a dislocation pole source in Mo. 

5. Build-up of a complicated tangle in Mo by dislocation multiplication. The final image shows 

the same tangle after additional straining. 

6. Slip transfer at a C = 3 boundary in 3 10 SS. The pile-ups at A and B nucleate the dislocations at 

D and grain boundary dislocations; a pile-up in the grain boundary nucleates the dislocations at C 

WI. 

Table 1: Parameters for prediction of slip transfer in the situation shown in Figure 6 [lo]. 
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bl=$[121], , b2=$[21TI2, b3 = q[i12],, bq = f [ l i l ] ,  

Lagow et al. Table I 


